Objectives: To evaluate morphological parameters of the femur, tibia, and patella in Toy Poodles with medial patellar luxation (MPL) using three-dimensional (3D) computed tomography (CT) and to compare these parameters between radiography and CT. Methods: Thirty-five hindlimbs of Toy Poodles were divided into normal and grade 2 and 4 MPL groups. The anatomical and mechanical lateral proximal femoral angle, anatomical and mechanical lateral distal femoral angle (aLDFA, mLDFA), femoral varus angle (FVA), inclination of the femoral head angle, procurvation angle, anteversion angle (AA), frontal angle of the femoral neck, mechanical medial proximal or distal tibial angle, mechanical cranial proximal or distal tibial angle, tibial plateau angle, tibial torsion angle (TTA), Z angle, relative tibial tuberosity width, ratio of the medial distance of tibial tuberosity to the proximal tibial width (MDTT/PTW), patella size, and the patellar ligament length: patellar length (L:P) ratio were evaluated on radiography and 3D CT. Results: The aLDFA, mLDFA, FVA, and TTA were significantly larger and the AA, MDTT/ PTW, and patella were significantly smaller in the grade 4 MPL group. There were significant differences in many parameters between imaging tools, and CT was considered less susceptible to potential artefacts and rotational deformities. Clinical significance: Toy Poodles with grade 4 MPL had significant femoral varus deformity, medial displacement of the tibial tuberosity, internal torsion of the proximal tibia, and hypoplasia of the patella.
Introduction
Medial patellar luxation (MPL) is one of the most common orthopaedic diseases affecting the hindlimbs in dogs (1) (2) (3) . Most cases of canine MPL are regarded as being congenital or developmental in original because they occur at birth or early in life without trauma (3) . A predisposition to MPL has been reported in small breeds including the Pomeranian, Yorkshire Terrier, Toy Poodle, Chihuahua, Papillon, and Maltese (3) (4) (5) (6) (7) (8) . A heritable basis for MPL has been suspected in dogs (6) (7) (8) (9) .
Medial patellar luxation, depending on its severity, can lead to a varying degree of bone deformity of both the femur and tibia. Bone deformities that have been reported in association with MPL include coxa vara, varus deformity of the distal one-third of the femur, external torsion of the distal femur, shallow trochlear sulcus with poorly developed or absent medial ridge, hypoplasia of the medial condyle, medial displacement of the tibial tuberosity associated with internal torsion of the proximal tibia, and valgus deformity of the proximal tibia (1, 3, 10) . Traditionally, these bone deformities have been evaluated using radiographs. Radiography is one of the most commonly used imaging tools in the smallanimal practice. However, radiographs are two-dimensional images of three-dimensional structures, and the measurements are affected by positioning. In dogs with severe MPL, some measurements cannot be obtained because of difficulty in obtaining an ideal radiographic position. Therefore, there are limitations to accurate evaluation of bone morphology by plain radiography (11) . In contrast, computed tomography (CT) can evaluate three-dimensional (3D) bone morphology, and should enable a more accurate assessment of bone deformities.
To the best of our knowledge, only radiography has been used in most previous studies evaluating bone morphology in dogs with MPL. In addition, measurements in those studies were not comprehensive, as most of them evaluated only the femur (9, (11) (12) (13) (14) . In severe MPL, multiple bone deformities can occur in the femur, tibia, and patella, and we have found only a few reports that have evaluated both the femur and tibia in dogs with MPL by radiography (15, 16) . Computed tomography can more accurately evaluate bone deformities associated with canine MPL (15, 17, 18) . A comprehensive evaluation of bone deformities associated with MPL in the femur, tibia, and patella using CT may contribute to a much better understanding of the pathophysiology of MPL in dogs and can be expected to help determine treatment strategies for MPL.
The purposes of this study were to comprehensively measure by CT the values for the femur, tibia, and patella that have been previously reported in radiographic studies, to compare the resulting morphological findings with the severity of MPL, and to compare the resulting morphological findings between radiography and CT in the Toy Poodle.
Materials and methods

Patients
We prospectively evaluated the hindlimbs of Toy Poodles that were presented to the Animal Medical Center at Nihon University (Kanagawa, Japan) between April 2012 and October 2014 and were diagnosed by palpation as suffering from MPL. This study was conducted with the approval of the director of the hospital, and all owners of dogs used in this study consented to the collection of data. Radiography and CT were performed in all hindlimbs evaluated in this study. The hindlimbs with MPL were classified according to the Singleton grading system, and grades 2 and 4 were included in the analysis (19) . Hindlimbs of dogs without orthopaedic disease other than MPL were employed as controls. All measurement values from radiography and CT were obtained using a PACS workstation a .
Radiography
All radiographs were obtained using a computed radiography system b . Craniocaudal and mediolateral views of each femur or tibia were obtained separately. For the craniocaudal view of the femur, dogs were positioned in dorsal recumbency with the hip joints extended and the femurs parallel to the radiographic table (20) . We confirmed appropriate positioning as follows: patella in the centre of the trochlear sulcus, bi - 
Femur
The anatomical lateral proximal femoral angle (aLPFA), mechanical lateral proximal femoral angle (mLPFA), anatomical lateral distal femoral angle (aLDFA), mechanical lateral distal femoral angle (mLDFA), inclination of the femoral head angle (IFA), and femoral varus angle (FVA) were measured in the craniocaudal view of the radiographs and the frontal view of the CT images of the femur (▶ Figure 3 A-C) (20, 25, 26) . The anatomical caudal proximal femoral angle (aCdPFA), mechanical caudal the trochlea of the talus (▶ Figure 2 A, B ) (23) . Then, frontal and lateral views of the tibia were obtained using this reference line (▶ Figure 2) . In addition, to accurately evaluate the morphology of the proximal tibia even when internal torsion of the proximal tibia was severe, a proximal lateral view was obtained (▶ Figure  2 C ). Based on previous studies, proximal and distal transverse CT slices of the tibia were obtained to evaluate tibial torsion (22, 24) . Furthermore, an axial view of the tibia was acquired to evaluate the medial displacement of the tibial tuberosity (▶ Figure 2 D) . section of each fabella by the respective femoral cortex, and protrusion of the corticocancellous tip of the lesser trochanter from the medial aspect of the femur (20) . For the mediolateral view of the femur, the dogs were positioned in lateral recumbency with the lowermost limb being the one under investigation. The femur was held parallel to the radiographic table with the femoral condyles superimposed in a neutral position (21) . For the craniocaudal view of the tibia, the tibia was positioned such that the medial aspect of the calcaneus was aligned with the base of the sulcus of the talus (22) . Mediolateral radiographs of the entire tibia, stifle, and tarsus were obtained with the tibia parallel to the radiographic table and the beam centred on the mid-tibial diaphysis in a neutral position (23) .
Computed tomography
All CT images were acquired in a 16-slice helical scanner c and were reconstructed as 3D images using image processing software d . Dogs were positioned in dorsal recumbency with both the hip and stifle joints flexed at approximately 90 degrees. Images were obtained with a slice thickness of 0.5 mm and reconstruction intervals of 0.3 mm.
The reference line of the femur was drawn through two landmarks that were determined as each being the centre of the concentric circles at the proximal one-third and one-half length of the femur on the transverse planes (▶ Figure 1 A) . The frontal, lateral, and axial views of the femur were then obtained using this reference line (▶ Figure 1) .
The reference line of the tibia was drawn connecting two landmarks. The proximal landmark was determined as the mid-point of the medial and lateral intercondylar eminences (▶ Figure 2 A, B ) (23) . The distal landmark was determined as the centre of the trochlea of the talus by identifying the centre of the concentric circle created by the trochlea of the talus on the lateral plane together with the sagittal plane passing through the bottom of proximal femoral angle (mCdPFA), anatomical caudal distal femoral angle (aCdD-FA), and mechanical caudal distal femoral angle (mCdDFA) were measured in the mediolateral view of the radiographs or the lateral view of the CT images (▶ Figure 3 D, E) (25, 27) . We also defined the procurvation angle (PA) and recorded its value (▶ Figure 3 D) .
The anteversion angle (AA) was measured on the axial view of the CT image of the femur (▶ Figure 3 F) (15, 18, (28) (29) (30) . We also defined the frontal angle of the femoral neck (FFA) and measured it as shown in ▶ Figure 3 G.
Tibia
The mechanical medial proximal tibial angle (mMPTA) and the mechanical medial distal tibial angle (mMDTA) were measured in the craniocaudal view of radiographs or the frontal view of CT images of the tibia (▶ Figure 4 A) (25, 31) .
The mechanical cranial proximal tibial angle (mCrPTA), mechanical cranial distal tibial angle (mCrDTA), tibial plateau angle (TPA), Z angle, and relative tibial tuberosity width (rTTW) were measured in the mediolateral view of radiographs of the tibia (25, 32, 33) . On CT imaging, the mCrDTA was measured in the lateral view of the tibia (▶ Figure 4 B To evaluate torsion of the tibia, the tibial torsion angle (TTA) was calculated as described previously (▶ Figure 4 E) (22, 24) . Furthermore, in the axial view of the tibia, the ratio of the medial distance of the tibial tuberosity to the proximal tibial width (MDTT/PTW) was calculated to evaluate the medial displacement of the tibial tuberosity (▶ Figure 4 F ).
Patella
The length, width, and depth of the patella were measured on both radiographic and CT images. In addition, the volume of the patella was measured by CT, and the ratio of the patellar ligament length to the length of the patella (L:P ratio) was calculated to A p-value of <0.05 indicated statistical significance.
Results
Patients
Thirty-five hindlimbs of 23 Toy Poodles were evaluated during the study period. The mean age of these dogs was 1.1 ± 2.0 years (range: 3 months to 7 years), and the mean Measurement values were expressed as the mean and standard deviation (SD). A one-way analysis of variance (ANOVA) was performed to compare groups with continuous data that were normally distributed according to the results of the D' Agostino-Pearson omnibus normality test. Tukey's multiple comparison was used as the post-hoc test. Unpaired t-tests were used to compare measurement values between radiographs and CT imaging. 
Statistical analysis
Statistical analyses were performed using a data analysis software package e .
e GraphPad Prism version 6.0 for Macintosh, GraphPad Software Inc., San Diego, CA, USA 
Differences between imaging tools
When the morphology of the femur, tibia, and patella was evaluated using 3D CT imaging, all measurement values that were reported previously were reproduced and various bone deformities could be evaluated accurately. All measurement values of the femur could also be evaluated on radiographs, even when patellar luxation was severe. Conversely, not all measurement values of the tibia in the grade 4 group could be evaluated because of severe rotation deformity of the proximal tibia. The MDTT/PTW and the TTA could not be evaluated using radiographs. Significant differences were found between imaging tools in the majority of the measurement values obtained from the frontal aspect of the femur (▶ Table 1 ). No significant difference was identified between imaging tools in any of the measurements obtained from the lateral aspect of the femur. Among the values for the tibia that could be measured on both radiographs and CT, significant differences were Table 3 Measurement values for the patella. 
Discussion
Most of the bone morphology of the femur could be evaluated by radiography in all groups. However, measurements of the tibia could not be obtained by radiography when the internal torsion of the proximal tibia was severe. In contrast, all measurements were evaluated accurately on CT using 3D volume image reconstruction, even when severe bone deformities were present.
groups in any of the measurements obtained from radiographs (▶ Figure 7) .
Patella
No significant differences were found among groups in the L:P ratio by either radiography or CT (▶ Table 3 ). The patellar width obtained from radiographs in the grade 4 group was significantly less than that in the normal group. In addition, the patellar length and depth obtained by both radiography and CT in the grade 4 group were significantly less than those in the normal group, and the volume of the patella measured by CT in the grade 4 group observed between imaging tools (▶ Table  2 ). In the measurement of the patella, no significant difference was found between imaging tools (▶ Table 3 ).
Femur
The aLDFA, mLDFA, and FVA, which are the index for varus deformity in the grade 4 group, were significantly higher than those in the other groups on both radiographs and CT imaging. In addition, the AA in the grade 4 group was significantly lower than that in the other groups. No significant difference was found in the other measurement values among the groups, including IFA, aCdPFA, mCdPFA, aCdDFA, mCdDFA, PA, and FFA (▶ Table 1 , ▶ Figure 6 ).
Tibia
The TTA in the grade 4 group was significantly higher than that in the other groups (▶ Table 2 ). In addition, the MDTT/PTW in the grade 4 group was significantly lower than that in the other groups. By contrast, no significant difference was identified among the groups in the other values measured on CT, including mMPTA, mMDTA, mCrPTA, TPA, mCrDTA, Z angle, and rTTW. In addition, no significant difference was observed among the In this study, there were significant differences between imaging tools with regard to measurement values obtained from the femur, tibia, and patella. The inability to accurately determine femoral varus and tibial torsion on radiographs was well established by previous studies (22, 35) . In particular, femoral morphology and measurement values are more likely to vary according to the angle formed by the bone and the radiographic table. In addition, bisection of the fabellae has been shown to not be an accurate determinant of craniocaudal femoral projection (36) . In contrast, the superiority of CT is well established (18) . Radiographs have been traditionally used for corrective osteotomy in dogs with MPL. However, not all dogs with bone deformities are evaluated using CT in smallanimal practice (35) . Therefore, we compared the differences in various parameters between imaging tools.
Most previous studies examining bone morphology associated with MPL have included various breeds (11, 15, 16, 18) . To decrease the variability associated with anatomical differences among breeds, it was preferable in the present study to focus on a single breed. Therefore, we employed only the Toy Poodle, which is known to have a breed predilection for MPL (4) (5) (6) (7) . In addition, to the best of our knowledge, there have not been any studies evaluating the bone morphology of both the femur and tibia comprehensively in dogs with grade 4 MPL. Therefore, for the first time, we evaluated the bone morphology of both the femur and tibia in Toy Poodles with severe bone deformities, including grade 4 MPL, using 3D CT imaging; we also investigated the relationship between the severity of MPL and bone deformities.
It has been reported that varus deformity of the distal one-third of the femur occurs as MPL severity grade increases (1) (2) (3) 10) . In the present study, the parameters of the aLDFA, mLDFA, and FVA obtained from 3D CT imaging in the grade 2 group were not significantly different from those of the normal group, which was similar to previous results (11) . However, these values were significantly higher in the grade 4 group than in the other groups. These results indicate that significant femoral varus deformity was present in the grade 4 group. Persistent pressure on the distal femoral physis generated by medial malalignment of the quadriceps muscles associated with MPL at birth or early in life may aggravate femoral deformities (1, 10) . Our findings concerning the grade 4 group may support this hypothesis.
Coxa vara and retroversion of the femoral neck are important factors that have been associated with MPL (3, 10, 13, 19, 37, 38) . In the present study, the IFA measured by 3D CT imaging was not significantly different among the groups, which suggests that coxa vara was not associated with MPL of any severity, as previously reported using radiographs (11, 12, 16) . The AA is used as the angle for evaluation of the inclination of the femoral neck in the axial view of the femur (29) . In the present study, the AA measured by 3D CT imaging in the grade 4 group was significantly lower than that in the other groups. The relationship between MPL and AA was controversial in previous studies (13, 38) . Recent studies have demonstrated that the AA can be evaluated accurately by CT or magnetic resonance imaging (MRI). However, retroversion of the femoral neck in dogs with MPL was not confirmed in those studies (13, 15) . The AA measured from radiographs is highly susceptible to positional artefacts and is influenced by external torsion of the distal femur and hypoplasia of the medial condyle (14, 39) . Therefore, to evaluate the inclination of the femoral neck to the axis of the femur accurately, we introduced the FFA in the present study, as measured by 3D CT imaging. No significant differences in FFA were found among groups. These results suggest that the inclination of the femoral neck is not associated with the severity of MPL.
Previous studies have reported that medial displacement of the tibial tuberos- ity, internal torsion of the proximal tibia, and valgus deformity of the proximal tibia occur as the MPL severity increases (1) (2) (3) 10) . In the present study, the MDTT/PTW, which is an index of medial displacement of tibial tuberosity, was significantly lower in the grade 4 group than in the other groups. In addition, the TTA was significantly higher in the grade 4 group than in the other groups. No significant differences in these values were identified between the normal and grade 2 groups. These results suggest that medial displacement of the tibial tuberosity and internal torsion of the proximal tibia occur in Toy Poodles with severe MPL. To the best of our knowledge, the present study is the first report on objective evaluation of tibial deformities associated with severe internal torsion of the proximal site of MPL. However, the mMPTA and mMDTA were not significantly different among the groups with regard to the values obtained by 3D CT. In contrast to previous studies, this indicates a lack of tibial valgus deformity associated with severe MPL (16) . In addition, in the present study, there were no significant differences among the groups in mCrPTA, TPA, mCrDTA, Z angle, and rTTW obtained by 3D CT. Therefore, longitudinal malposition of the tibial tuberosity, variation of tibial plateau angle, and procurvation or recurvation of the tibia did not occur in any MPL grades.
To the best of our knowledge, there has not been any other report of a study investigating variation of patellar morphology according to MPL grade. In the present study, the length, depth, and volume of the patella measured by 3D CT in the grade 4 group were significantly lower than those in the normal group. These findings suggest that improper articulation of the patella within the trochlear groove leads to patellar hypoplasia. A previous study demonstrated that patella alta was associated with MPL in large-breed dogs (40) . We investigated the relationship between the vertical position of the patella and MPL according to L:P ratio obtained by 3D CT, but did not find a significant difference among groups in the L:P ratio. This result indicates that the severity of MPL is not associated with patella alta in Toy Poodles.
In the previous studies, the relative role of soft tissue abnormalities and bone deformities in the pathogenesis of MPL was unclear. Surgical treatment has traditionally focused upon skeletal reconstruction of the shallow trochlear sulcus and medial displacement of the tibial tuberosity (20) . However, from the results of the present study, a comprehensive evaluation of the femur and tibia by 3D CT may indicate that these bones are deformed toward the line connecting the origin and insertion of the quadriceps muscles. Therefore, bone deformities associated with severe MPL may be caused by persistent traction resulting from malalignment of the quadriceps muscles. For these reasons, surgical treatments for MPL should be performed before severe bone deformities occur. In addition, the results of the present study may be helpful if corrective osteotomy is considered in Toy Poodles with severe MPL.
In the present study, torsion of the femur, hypoplasia of the femoral condyles, and depth of the trochlear groove were not evaluated objectively because the appropriate landmarks to investigate these morphologies could not be established. Further investigations to establish appropriate measurement methods are needed. In the present study, hindlimbs were simply classified according to the Singleton grading system. Ideally, dogs with bilaterally normal hindlimbs should be evaluated as controls because subclinical bone deformities may exist in the unaffected legs of affected dogs. Bone morphology in grade 1 and 3 MPL groups was not evaluated because the sample size was small in these groups during the investigation period. The measure-ment values in these groups may increase the understanding of bone deformities associated with MPL. It is also necessary to investigate the effect of muscles and tendons on bone deformities during growth.
In conclusion, this study demonstrated significant differences between radiography and 3D CT imaging in the evaluation of the bone morphology of the femur, tibia, and patella in dogs with severe MPL. Toy Poodles with severe MPL (grade 4) had significant femoral varus deformity, medial displacement of the tibial tuberosity, internal torsion of the proximal tibia, and hypoplasia of the patella. Toy Poodles with grade 2 MPL had no significant bone deformities compared to normal dogs. These results will be helpful for understanding the pathophysiology of MPL.
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